Blends were prepared from poly(lactic acid) (PLA) and thermoplastic starch (TPS) to study component interactions, structure and properties. Starch was plasticized with glycerol at two levels, at 36 and 47 wt%. The results unambiguously showed that the interaction of the two components is weak. The investigation of the possible partitioning of glycerol in the two phases indicated that most of the plasticizer is located in the TPS phase. Thermodynamic modeling predicted some dissolution of PLA in TPS which was assisted by the presence of the plasticizer, but TPS did not dissolve in PLA at all. No tangible proof was found for the formation of a glycerol rich phase in TPS, the relaxation transition assigned to this phase was rather explained with the movement of smaller structural units of starch molecules. Weak interfacial adhesion does not allow stress transfer through the interface resulting in poor strength and small deformation.
Introduction
In recent years the importance of biopolymers increases continuously and further growth is forecasted in their use in the future. However, besides the obvious environmental advantages of these materials, they have some deficiencies as well, like inferior properties compared to commodity polymers, poor processability, water sensitivity, etc. To overcome these drawbacks biopolymers are frequently modified, often by blending. The mixing of poly(lactic acid) (PLA) and thermoplastic starch would combine the advantages of the two polymers by maintaining complete biodegradability and resulting in a relatively cheap material [1] [2] [3] [4] [5] . However, the two polymers are immiscible, heterogeneous blends form upon their mixing, and the statements about the compatibility of TPS and aliphatic glycerol, they did not explain the effect or its mechanism either. In view of these questions, the goal of this work was to estimate interactions in PLA/TPS blends by thermomechanical analysis [18] [19] [20] and thermodynamic modeling, study the role and partitioning of the glycerol plasticizer in the components and determine the structure and properties of the blends in a wide composition range.
Experimental

Materials
The PLA used was obtained from NatureWorks (USA). The selected grade (Ingeo 4032D, Mn = 88500 g mol -1 and Mw/Mn = 1.8) is recommended for extrusion. The polymer (<2 % D isomer) has a density of 1.24 g cm -3 , while its melt flow index (MFI) is 3.9 g/10 min at 190 °C and 2.16 kg load. The corn starch used for the preparation of TPS was supplied by Hungrana Ltd., Hungary and its water content was 12 wt%. Glycerol with 0.5 wt% water content was obtained from Molar Chemicals Ltd., Hungary and it was used for the plasticization of starch without further purification or drying. Thermoplastic starch samples containing 36 and 47 wt% glycerol (TPS36 and TPS47, respectively) were prepared and used in the experiments. The composition of the PLA/TPS blends changed from 0 to 1 volume fraction in 0.1 volume fraction steps. Glycerol was added to PLA also alone as "plasticizer" in 1, 3, 5, 7 and 10 vol%.
Sample preparation
Corn starch was dried in an oven before composite preparation (105 °C, 24 hours).
Thermoplastic starch powder was prepared by dry-blending in a Henschel FM/A10 high speed mixer at 2000 rpm. TPS was produced by processing the dry-blend on a Rheomex 3/4" single screw extruder attached to a Haake Rheocord EU 10 V driving unit at 140-150-PLA and the second component were homogenized in an internal mixer (Brabender W 50 EHT) at 190 °C and 50 rpm for 12 min. Before homogenization poly(lactic acid) was dried in a vacuum oven (110°C, 4 hours). Both temperature and torque were recorded during homogenization. The melt was transferred to a Fontijne SRA 100 compression molding machine (190 °C, 5 min) to produce 1 mm thick plates for further testing.
Characterization
The glass transition temperature of the phases and other thermal transitions appearing in the blends were determined by dynamic mechanical analysis (DMA) using a Perkin Elmer Pyris Diamond DMA apparatus in tensile mode with constant amplitude (10 µm) and frequency (1 Hz) in the temperature range between -100 and 100 °C. Heating rate was 2 °C/min, while the size of the specimens was 50 x 5 x 1 mm. Mechanical properties were further characterized by tensile testing using an Instron 5566 universal testing machine. Specimens of 150 x 10 x 1 mm were used, the gauge length was 115 mm. Tensile modulus was determined at 0.5 mm/min, while properties measured at larger deformations at 5 mm/min cross-head speed. Five parallel measurements were carried out at each blend composition. The structure of the blends was analyzed by scanning electron microscopy (SEM) using a Jeol JSM 6380 LA apparatus. Samples were broken at liquid nitrogen temperature and then a smooth surface was created by cutting the sample with a microtome. Surfaces were etched according to the matrix polymer, chloroform was used in the case of PLA, while 1 M HCl for the TPS matrix. Light transmittance through the samples was measured on 1 mm thick specimens using a Unicam UV-500 spectrophotometer at 700 nm wavelength. Water absorption was determined at 23 °C and 52 % relative humidity by the measurement of the weight increase of specimens. The desired relative humidity was achieved with a saturated solution of Mg(NO3)2.
Results and discussion
The results are presented in several sections. The question of component interaction and miscibility is discussed first and then the effect of the plasticizer on PLA properties is presented subsequently. Conclusions drawn from these results are supported by model calculations in the next section followed by the discussion of structure and properties.
Interactions, miscibility
One of the most often used approaches to estimate the miscibility of two components is the determination of the composition dependence of the glass transition temperature of their blends [18] [19] [20] . The DMA spectra of a PLA/TPS47 blend containing 50 vol% of both components is presented in Fig. 1 . The spectra are rather complicated displaying several transitions. Plasticized starch were shown to exhibit two transitions, one corresponding to its glass transition, while the second was claimed to result from phase separation and was assigned to a glycerol rich phase [6, 7, [14] [15] [16] [17] . The glass transition temperature of TPS depends very strongly on the type and amount of the plasticizer used and it may cover a wide range of temperatures from -30 to 90 °C. The Tg of our TPS samples are -3 and 33 °C for TPS47 and TPS36, respectively.
The second transition assigned to thermoplastic starch can be also identified in the spectra allegedly indicating the presence of a glycerol rich phase [6, 7, [14] [15] [16] [17] . However, some doubts may arise about the assignment of this transition. Some authors argue that the appearance of two peaks proves phase separation a priori [15] that is not true; several polymers are known to show  relaxation peaks without the presence of a second component (e.g. PMMA, PVC). Phase separation was mentioned only as a possibility anyway in the much cited paper of Kalichevsky [14] , but later it was treated as fact [6, 7] .
Basically none of the papers mentioning phase separation show any other evidence, but reference to earlier papers and the appearance of two peaks in DMA spectra. Occasionally, the claim might be supported by the analysis of the composition dependence of Tg or the activation energy of the transition, but no direct evidence. The relaxation transition in question appears around -50 or -60 °C that is claimed to be close to the Tg of glycerol at -78 °C and used as a strong argument for the formation of a glycerol rich phase. Phase separation was said to occur above 27 wt% glycerol content. Unfortunately, a number of facts contradict or at least question the hypothesis of phase separation. First of all we do not believe that -50 °C is close to -78 °C. The  peak appeared also at 15 wt% glycerol content in the work of Mikus et al. [17] below the claimed composition of phase separation.
Moreover, the transition was detected at around 0 and -10 °C in TPS plasticized with sorbitol and mannose, respectively, as shown by the same paper [17] . Finally, similar  transition was observed in grafted cellulose acetate and benzylated wood which do not contain any external plasticizer [21, 22] . Accordingly, we think that the transition belongs to smaller units of the amylopectin chain, like a single glucose ring, the movement of which becomes possible upon plasticization. The position of the peak depends on the type and amount of the plasticizer which forms strong secondary interactions with starch molecules.
However, the possible phase separation of the glycerol might be important for the phase structure and properties of TPS blends and cannot be ignored. The limited miscibility of starch and glycerol is shown by the exudation of the plasticizer at large glycerol contents, and Stading et al. [23] showed heterogeneous structure in their plasticized starch films. Tg of PS increased with increasing PP content [30] . The effect was explained again with the difference in thermal expansion coefficients and shrinkage during the crystallization of PP leading to positive hydrostatic pressure this time. In our case, however, the explanation is more difficult, since the Tg of the TPS phase decreases which would require the good adhesion of the phases. This is not probable thus the reason for the decrease remains unclear and needs further study and considerations. Obviously, a more detailed investigation of thermal expansion coefficients, the developing stress fields and interfacial adhesion must be carried out in the future in order to reveal the actual reason for the change in the glass transition temperature of the TPS phase. Accordingly, the only conclusion that we can draw from the analysis of DMA spectra and the composition dependence of the Tg of the components is that they are immiscible with each other and even partial miscibility must be very small.
Other measurements may supply further, indirect evidence about the miscibility or immiscibility of the components. The light transmittance of the blends is plotted against composition in Fig. 3 . is smaller, 14.7 and 20.2 % for TPS47 and TPS36, respectively, indicating a slightly heterogeneous structure. However, the transparency of the PLA/TPS blends is extremely small, it is below 1 % at most compositions indicating very poor miscibility and a heterogeneous structure. Obviously, interactions between the two blend components cannot be very strong and phase separation occurs at all compositions. Another indication for poor interactions is supplied by the results of water absorption measurements (Fig. 4) . If the interaction between two polymer components is strong, water or any other solvent must compete for active sites and absorption will be smaller than that dictated by additivity.
As Fig. 4 shows, water absorption in PLA/TPS blends follows almost perfectly additivity indicating the weak interaction of the components.
PLA/glycerol interaction
Similarly to others we treated TPS as a single, homogeneous material up to now. The spectra show the typical behavior of PLA, glass transition around 65 °C and the subsequent cold crystallization of the polymer. However, an additional transition also appears on the spectra at very low temperatures, around -80 °C. The transition can be assigned to glycerol and its temperature corresponds to that determined for this plasticizer by Avérous et al. [6] using DSC. The nearly linear increase of the intensity of the tg  peak with increasing amount of glycerol in the blend, at least at small glycerol contents, further confirms the assignation (Fig. 7) . The deviation from the expected linearity at the largest glycerol content might result from changing morphology or simply from experimental error. However, since the transition can be detected already at the smallest glycerol content, below 1 vol%, we must assume that the solubility of glycerol in the blend is smaller even than this amount, since dissolved glycerol would shift the glass transition temperature of PLA and would not appear as a separate peak on the tg  vs. temperature trace. The study of PLA/glycerol blends confirmed our previous conclusions and indicated that the interaction between PLA and the plasticizer is relatively weak resulting in very limited solubility. Fig. 7 Influence of composition on the intensity of the tg  peak assigned to the glass transition of glycerol.
Modeling
Density functional theory (DFT) and local coupled-cluster calculations with single, Equilibrium structures for the individual donor and acceptor molecules were obtained separately from fully unconstrained optimizations using DFT with the M06-2X functional of Zhao and Truhlar [31] , which accurately describes weak non-covalent interactions. For these calculations the 6-311++G** basis set [32] was used. The donors and acceptors were then linked into hydrogen bonded complexes, and unconstrained geometry optimizations were performed for these structures subsequently.
The total energies of the species were converted into enthalpies using the rotational constants and harmonic vibrational frequencies calculated at the reference geometries.
Using the DFT equilibrium structures, additional single point energy calculations were also carried out at the LCCSD(T) [33] level with the aug-cc-pVTZ basis set [34, 35] , where diffuse functions on hydrogen atoms were excluded. LCCSD(T) energies were also converted to enthalpies using corrections obtained from DFT calculations. Particularly, the difference between enthalpy and energy calculated with DFT was added to the energy obtained with LCCSD(T). Finally, the enthalpy of the hydrogen bonding interaction at both levels of theory was derived as the enthalpy difference between the complex and its constituent donor and acceptor sites. The Gaussian suite of programs [36] were invoked for the DFT calculations; all LCCSD(T) calculations were performed with MRCC [37] . Table 1 Hydrogen bonding interaction energies and enthalpies calculated with the According to our results presented in Table 1 , the strongest interaction develops between glycerol and the model system of glucose. The hydrogen bonding enthalpies calculated with DFT and LCCSD(T) are -79 and -70 kJ/mol, respectively, and, as it can be seen in Fig. 9b , three hydrogen bonds can form, in which both glucose and glycerol can act as donor and also acceptor at the same time. The interaction between glycerol and our PLA model is considerably weaker, binding enthalpies of -68 and -64 kJ/mol were obtained with DFT and LCCSD(T), respectively. In this case (Fig. 9a) , two hydrogen bonds may form between the model PLA and glycerol. As shown in Fig. 9c, 
DFT and LCCSD(T) methods
M06-2X/6-311++G** LCCSD(T)/aug-cc-pVTZ
where R is the universal gas constant and T the absolute temperature. The calculated phase diagram is shown in Fig. 10 . Dashed black lines connect the compositions of phases, which are in equilibrium at various glycerol contents of TPS. The results of the calculations and The phase diagram unambiguously shows that PLA does not dissolve any TPS at all, while it can be dissolved in a small extent, about 3 vol % at most, in plasticized starch.
Glycerol facilitates the dissolution of PLA in TPS, a conclusion which is in agreement with those of Ma et al. [9, 10] who found that a plasticizer can improve the compatibility of PLA and TPS. On the other hand, these calculations also confirm that the majority of glycerol molecules is located in the TPS phase and do not diffuse into PLA. We must emphasize here, though, that these calculations are very qualitative in manner giving information only about the direction and magnitude of changes brought about by the mixing the two components.
Structure
The phase structure of the PLA/TPS blends was studied by scanning electron microscopy. Etched surfaces were prepared in order to help the clear distinction of the phases. Three micrographs are presented in Fig. 11 to demonstrate the effect of composition on structure.
a) b) c) Fig. 11 Effect of composition on the dispersed structure of PLA/TPS blends, SEM micrographs at magnification 500x; a) 10, b) 50, c) 90 vol% TPS.
In accordance with previous results, heterogeneous structure forms at all compositions.
PLA is the continuous phase at large PLA and small TPS content in which TPS is dispersed in the form of droplets of a few micron size (Fig. 11a) . The opposite occurs at the other end of the composition range, PLA is dispersed as small particles in the continuous TPS phase here (Fig. 11c) . A more or less co-continuous structure develops at around 50 vol% of both components as shown by Fig. 11b . The concentration range of co-continuous structure is very narrow, dispersed structure was observed at both sides of 50/50 composition, i.e. at 40 and 60 vol% TPS content. Both the dispersed structure and the narrow range of the interpenetrating network like structure are in strong agreement with the rest of our conclusions about the immiscibility of the two components and the development of only weak interactions between the phases.
Properties
Conclusions about compatibility are often drawn from the composition dependence of mechanical properties. However, the characteristics of the components differ considerably from each other in our case, composition dependence is dominated by this difference and it is very difficult to arrive to any reasonable conclusion as a consequence.
This statement is demonstrated adequately by Fig. 12 showing the composition dependence of the Young's modulus for the two sets of blends. The stiffness of PLA is approximately 3 GPa, while it is around 60 MPa and less than 1 MPa for TPS36 and TPS47, respectively. Young's modulus decreases quite rapidly with increasing TPS content and the stiffness of the blends is always smaller than the one predicted by additivity, indicating again weak interactions. 
Conclusions
A detailed analysis of experimental results obtained on PLA/TPS blends supported by model calculations showed that the interaction of the two components is weak. The investigation of the possible partitioning of glycerol in the two phases indicated that most of the plasticizer is located in the TPS phase and does not diffuse into PLA.
Thermodynamic modeling predicted some dissolution of PLA in TPS which was assisted by the presence of the plasticizer, but TPS does not dissolve in PLA at all. As a consequence of weak interactions, properties are moderate at most. Blending of the two components resulted in heterogeneous, two phase structure at all compositions. No tangible proof was found for the formation of a glycerol rich phase in TPS, the relaxation transition assigned to this phase was rather explained with the movement of smaller structural units of starch molecules. Weak interfacial adhesion does not allow stress transfer through the interface resulting in poor strength and small deformation. TPS deteriorates the properties of PLA considerably, but blends with a starch matrix are also extremely weak. Useful materials can be produced from PLA and TPS only with the development of an appropriate coupling strategy.
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